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Abstract
Objective—The purpose of this study was to investigate the in-vivo time-dependent contact
behavior of tibiofemoral cartilage of human subjects during the first 300 seconds after applying a
constant full bodyweight loading and determine whether there are differences in cartilage contact
responses between the medial and lateral compartments.
Design—Six healthy knees were investigated in this study. Each knee joint was subjected to full
bodyweight loading and the in-vivo positions of the knee were captured by two orthogonal
fluoroscopes during the first 300 seconds after applying the load. Three dimensional models of the
knee were created from MR images and used to reproduce the in-vivo knee positions recorded by
the fluoroscopes. The time-dependent contact behavior of the cartilage was represented using the
peak cartilage contact deformation and the cartilage contact area as functions of time under the
constant full bodyweight.
Results—Both medial and lateral compartments showed a rapid increase in contact deformation
and contact area during the first 20 seconds of loading. After 50 seconds of loading, the peak contact
deformation values were 10.5±0.8 % (medial) and 12.6±3.4 % (lateral), and the contact areas were
223.9±14.8 mm2 (medial) and 123.0±22.8 mm2 (lateral). Thereafter, the peak cartilage contact
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deformation and contact area remained relatively constant. The respective changing rates of cartilage
contact deformation were 1.4±0.9 %/s (medial) and 3.1±2.5 %/s (lateral); and of contact areas were
40.6±20.8 mm2/s (medial) and 24.0±11.4 mm2/s (lateral), at the first second of loading. Beyond 50
seconds, both changing rates approached zero.
Conclusions—The peak cartilage contact deformation increased rapidly within the first 20 seconds
of loading and remained relatively constant after ~50 second of loading. The time-dependent response
of cartilage contact behavior under constant full bodyweight loading was significantly different in
the medial and lateral tibiofemoral compartments, with greater peak cartilage contact deformation
on the lateral side and greater contact area on the medial side. These data can provide insight into
normal in-vivo cartilage function and provide guidelines for the improvement of ex-vivo cartilage
experiments and the validation of computational models that simulate human knee joint contact.
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Cartilage; Articular Cartilage; In-vivo Cartilage Contact Behavior; Time-dependent; Cartilage
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INTRODUCTION
Numerous studies have investigated articular cartilage contact in order to understand the
intrinsic biomechanical characteristics of cartilage and its associated pathologies such as
cartilage degeneration in medial and lateral compartments. Biomechanically, articular cartilage
has been viewed as a biphasic material 1. The in-vitro response of articular cartilage to various
simulated loading conditions has been studied using pressure sensors 2–4, imaging techniques
5, and finite element methods 6. For example, in most in-vitro studies that employed MRI to
investigate the cartilage, the tibiofemoral joint was first loaded for a certain amount of time to
deform as desired and then scanned 7. Analogously, the biphasic nature of cartilage tissue under
various loading conditions has been analyzed extensively using indentation and confined/
unconfined compression tests 1,8–10. However, due to the complexity of the in-vivo loading
conditions, it is a challenge to simulate in-vivo physiological cartilage responses in an in-vitro
experimental setup.
In-vivo studies have also described changes in the thickness and volume of the knee joint
cartilage after dynamic activities such as bending, running, normal gait and squatting 11.
Although the studies based on this type of pre-loading protocol could provide long-term
cartilage contact data, the time-dependent response of tibiofemoral cartilage to an external load
remains unclear, especially the short-term response of tibiofemoral cartilage. In addition, No
data have been reported on the specific contact behavior of the medial and lateral compartments
of the knee, even though varying degrees of osteoarthritis (OA) have been described in the
knee hemi-joints 12. These data would be critical for understanding the function of cartilage
and investigating pathologies of the cartilage.
Recently, a combined Dual Fluoroscopic Imaging System (DFIS) and MRI technique has been
used to study the in-vivo cartilage contact location 13. Furthermore, the instantaneous
tibiofemoral cartilage contact deformation during in-vivo physiological activities such as lunge
and gait has been investigated using this technique 14–16. The objective of this study was to
investigate the time-dependent responses of the tibiofemoral cartilage under a constant
bodyweight load and determine whether the medial and lateral compartments show differences
in time-dependent contact behavior. The combined DFIS and MRI technique was employed
to measure the real-time tibiofemoral cartilage contact deformation as well as the contact area,
as the characteristics of the cartilage contact behavior, in the medial and lateral compartments
of the knee joint.
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METHOD
Subject selection
Six human knees, with no history of injury or proprioceptive defects upon physical and
radiographic (MRI and X-ray) examination, were investigated in this study. All knees were
from healthy males aged between 30–45 years and with average body mass index (BMI) of
24.8 kg/m2. The study was approved by our institutional review board and written consent was
obtained from all the participants. All the subjects were asked to refrain from any strenuous
activities such as running, lifting, stair climbing for at least four hours prior to their visit and
to remain seated (non-weightbearing position) for two hours prior to the MRI scan of the knee
to reduce the effect of residual cartilage deformation14.
MRI and 3D model of knee
Each knee was scanned in sagittal, coronal and transverse planes using a 3T MR scanner
(MAGNETOM Trio®, Siemens, Malvern, PA, USA) with the subject supine and the knee in
a relaxed, extended position. The MRI scanner was equipped with a surface coil and a 3D
double echo water excitation sequence (field of view: 160 mm × 160 mm ×120 mm, image
resolution: 512 ×512 pixels, voxel resolution: 0.31 mm ×0.31 mm ×1.00 mm, time of repetition:
24 ms, time of echo: 6.5 ms and flip angle: 25°) 14. The MR images were imported into a solid
modeling software package (Rhinoceros®, Robert McNeel & Associates, Seattle, WA, USA)
to construct the 3D surface mesh models of the tibia, femur, fibula, and articulating cartilage
using a protocol established in our laboratory 17. The meshes were assembled using a point
density of 80 vertices/cm2 and triangular facets, with an average aspect ratio of 2. A typical
3D knee joint model is shown in Figure 1A.
Dual fluoroscopic imaging and reproduction of knee kinematics
A Dual Fluoroscopic Imaging System (DFIS) was used to capture the in-vivo kinematics of
the knee joints. The DFIS was constructed using two fluoroscopes (BV Pulsera®, Philips,
Bothell, WA, USA) with their intensifiers positioned in orthogonal planes providing a cubic
imaging space of ~ 300 mm × 300 mm ×300 mm and image resolution of 1024 ×1024 pixels
(0.29 mm ×0.29 mm). A force plate with a six degrees-of-freedom (6DOF) load cell (JR3®,
Inc., Woodland, CA, USA) was incorporated into the DFIS to simultaneously record the ground
reaction forces during loading (Fig. 1B). The load cell had a resolution of 0.5 N with data
acquisition rate of 1 kHz. Each knee joint was imaged for 300 seconds (timing and recording
were started at the moment of foot-force plate contact) while the subject stood still on the testing
leg under full body weight. Two supporting bars were incorporated into the DFIS to help
stabilize the subject during the single-leg upright standing for 300 seconds. For the first five
seconds, the knee was imaged at a rate of 15 frames per second. Then, the images were captured
every 5 seconds up to 50 seconds, and finally every 20 seconds up to 300 seconds.
The pairs of fluoroscopic images were imported into the solid modeling software and placed
in orthogonal planes based on the geometry of the fluoroscopes (the relative positions of the
intensifiers and the X-ray sources) during the experiment to create a 'virtual' DFIS 18. The 3D
MRI-based bony models of the knee joint were then imported into the virtual DFIS, viewed
from two orthogonal directions corresponding to the setup of the fluoroscopes' x-ray sources
(Fig. 2). The knee models were translated and rotated independently in 6DOF until the
projection of the model matched the outlines of corresponding bones on the imported images
obtained at each time point. When the projections matched with the pair of orthogonal images
taken in-vivo, the models reproduced the in-vivo positions of the knee bones inside the
software. The matching process was done manually in this study. The mesh models of the
femoral and tibial cartilages (built from the relaxed position of the knee during MRI) were then
imported and mapped onto the bony models at each time point. The accuracy of the system in
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reproducing knee kinematics using the above technique was reported <0.1 mm and <0.3° in
translation and rotation respectively 19.
In-vivo cartilage contact behavior
At each reproduced in-vivo position of the knee joint, cartilage contact was defined as the
overlap of the tibial and femoral cartilage surface meshes (Fig. 3). Contact area (mm2) was
defined as the area of a patch surface which was fitted to the curve made from the intersection
of the overlapped cartilage meshes.
Cartilage contact deformation (%) was calculated at each vertex of the articular surface mesh
as the amount of penetration (mm) divided by the sum of the tibial and femoral cartilage surface
thicknesses (mm) at the same place, multiplied by 100 14,15. Penetration was calculated as the
minimum Euclidian distance connecting a vertex of the reference cartilage mesh to the opposite
intersecting cartilage mesh. The peak contact deformation was determined as the maximum
contact deformation at each time point. The rate of change of the cartilage contact deformation
(%/s) was defined and calculated as the change in the cartilage contact deformation at two
consecutive time points divided by the time interval over which it occurred. Similarly, the rate
of change of contact area (mm2/s) was calculated.
A previous validation study showed an accuracy of 4% when this technique was used to
measure the cartilage contact deformation in human ankle joint 20. Furthermore, the accuracy
of cartilage thickness measurement using MRI-based model of the knee joint has been validated
and reported to be 0.04 ± 0.01 mm (mean ± SD) 15.
Statistical analysis
To study the time-dependent contact behavior of tibiofemoral cartilage, the peak contact
deformation at medial and lateral compartments was reported as a function of time. In addition,
the cartilage contact area change with time was determined. A two-way repeated measures
analysis of variance and a post hoc Student-Newman-Keuls test were used to determine the
statistically significant differences in contact area and cartilage contact deformation between
the medial and lateral compartments as a function of time (Statistica © StatSoft, Inc, Tulsa,
OK, USA). Level of significance was set at <0.05.
RESULTS
The peak cartilage contact deformation, as well as the cartilage contact area of both the medial
and lateral compartments of the individual knee joints are presented in Tables 1 and 2. The
average peak cartilage contact deformation over time as well as the rate of change of the
cartilage contact deformation (mean ± SD) are shown in Figure 4 for the medial and lateral
tibial compartments. Figure 5 presents the average cartilage contact area as well as its rate of
change for both compartments. In all of the cases, the vertical component of the ground reaction
force – measured with the load platform – reached the full body weight of the subject within
approximately one second.
Cartilage contact deformation and area with time
Medial compartment—The peak contact deformation was measured 4.0 ± 1.3% when the
tested leg contacted with the ground (time zero). The corresponding cartilage contact area was
47.0 ± 21.2 mm2. At the first second of loading, the peak values of cartilage contact deformation
and the cartilage contact area were 5.4 ± 1.7% and 87.6 ± 33.1 mm2. At this moment, the
loading had reached 89.7% of full body weight. At 10 seconds of loading, the peak cartilage
contact deformation sharply increased to 8.3 ± 1.2%, representing a 105.4% increase in the
magnitude compared to that at the beginning of the loading. The corresponding cartilage
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contact area was 174.2 ± 19.7 mm2. The peak contact deformation further increased to 10.5 ±
0.8 %, with a contact area of 223.9 ± 14.8 mm2 at 50 seconds of loading. Thereafter, the peak
cartilage contact deformation was relatively constant and reached 12.1 ± 1.4 % at 300 seconds
of loading with a corresponding contact area of 263.2 ± 19.6 mm2. The contours of contact
deformation distribution of a typical subject in the sagittal cross-section of medial compartment
are shown in Figure 6A.
Lateral compartment—At time zero, the peak cartilage contact deformation was 2.6 ± 2.4
% with a corresponding contact area of 20.3 ± 20.3 mm2. At 10 seconds of loading, the peak
cartilage contact deformation was 9.9 ± 3.2 %, representing 19.2 % more deformation in
comparison with that measured in medial compartment. The contact area increased to 94.8 ±
24.9 mm2, representing a 45.6 % decrease in contact area with respect to the medial
compartment. After 50 seconds, the magnitude of the peak cartilage contact deformation
reached 12.6 ± 3.4 % and a contact area of 123.0 ± 22.8 mm2. Thereafter, both the peak contact
deformation and contact area remained relatively constant and were % and 135.6 ± 20.8
mm2 at 300 seconds, respectively. At this time point, the peak deformation in the lateral
compartment was 21 % greater than that in the medial compartment, whereas the contact area
was 48.5 % less than that in the medial side. The contours of contact deformation distribution
of a typical subject in the sagittal cross-section of the lateral compartment are shown in Figure
6B.
Rate of Change
Medial compartment—the deformation rate reached its peak of 1.4 ± 0.9 %/s at the first
second of loading. The rate of change of the contact area also experienced its peak value of
40.6 ± 20.8 mm2/s at this time point. The rate of change in the peak deformation and contact
area quickly decreased to 0.1 ± 0.0 %/s and 4.2 ± 1.3 mm2/s, respectively at the 10th second
of loading. Beyond about 50 seconds, no changes in rate of peak deformation and contact area
were detectable within the measurement accuracy of our system.
Lateral compartment—Peak rate of change of the contact deformation and contact area
(3.1 ± 2.5 %/s and 24.0 ± 11.4 mm2/s, respectively) was observed in first second of loading.
These values represent that at the beginning of loading, the rate of change of the peak
deformation curve was 2.2 times faster in the lateral compartment. However, the rate of change
of the contact area was 1.7 times faster in the medial compartment. Thereafter, the rate of
change of both deformation and contact area decreased quickly and after about 50 seconds of
loading, no changes in the rate of peak deformation and contact area were detectable within
the measurement accuracy our system.
DISCUSSION
This study investigated the time-dependent contact of the articular cartilage of the human knee
under constant full bodyweight loading during a single leg standing using a combined dual
fluoroscopic and MR imaging technique 18. The peak cartilage contact deformation and the
cartilage contact area as functions of time were determined. Both medial and lateral
compartments of the tibial plateau were considered and compared to determine whether the
hemi-joints show differences in contact behavior.
The cartilage contact deformation and contact area during the measured time interval (300
seconds) were found to sharply increase in the first 20 seconds even though the body weight
reached constant within 1 second during the single leg standing, and beyond 50 seconds, the
cartilage contact deformation and contact area changed in a much lower rate. Generally, during
the measured time interval, the lateral cartilage had greater peak contact deformation compared
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to medial side, while the cartilage contact area was greater in the medial compartment. The
location of cartilage-cartilage contact indicated that the contact deformation occurred in the
concave (conforming) surface in the medial compartment of tibia, while in the lateral
compartment, the cartilage contact occurred at the convex surface of tibial cartilage (Fig. 3).
Previous studies have documented that tibial cartilage is thicker on the lateral plateau compared
to that of the medial plateau 11,14. The same pattern was observed in the current study (Table
3). In reported in-vivo studies of the knee during lunge 14, the peak contact deformation of the
medial compartment was reported to be greater than that in the lateral compartment (25 ± 9 %
and 22 ± 10 %, respectively; at full extension). Also, during the stance phase of gait 16, the
peak contact deformation of the medial compartment (ranging from 8 ± 5 %, at the beginning
of stance, to 23 ± 6 %, at 30% of stance) was reported to be greater than that in the lateral
compartment (ranging from 7 ± 3 %, at the beginning of stance, to 16 ± 4 %, at 30% of stance
corresponding to full extension). Our data show that the in-vivo biomechanics of loading during
single leg standing is different. During the single leg standing, the body is likely laterally
inclined (body weight center shifts laterally) to keep stability, which may explain the higher
contact deformation at the lateral compartment. Future studies should quantify the body weight
center location with respect to the knee joint.
The peak deformation of knee cartilage (peak cartilage surface overlapping normalized by
cartilage thickness) was less than the peak deformation that was measured in the ankle joint
(32.3% at 300 seconds.) during the single leg standing 21. Also, the rate of change of cartilage
contact deformation was less than that previously measured in the ankle joint (1.4–3.1% versus
18.7%/s, respectively; at 1 second.). However, it is interesting to note that the summation of
medial and lateral contact areas in articular cartilage of the knee was close to that of the human
ankle. Ankle cartilage is much thinner than knee cartilage 20,22. The average cartilage
thickness was reported to be 1.4 ± 0.2 mm in the proximal talar cartilage 20, whereas in our
study, it was 2.7 ± 0.5 mm and 3.2 ± 0.6 mm in the medial and lateral tibial compartments,
respectively. Further, it is worth noting that in this study only cartilage-cartilage contact was
investigated and meniscus-cartilage contact was not included. This might explain why the
deformation in the knee joint was less than that of the ankle joint.
MR imaging techniques have been extensively used to study the effect of loading on the
cartilage morphology 7,11. However, due to the limitations such as long data acquisition time
during MRI scanning and the time dependent behavior of the cartilage itself, capturing the real-
time deformation of the cartilage under a physiological loading presents a challenge. In most
ex-vivo joint studies, the joint was first loaded for a certain amount of time to deform as desired
and then scanned using MRI 7,23. Thus, the MR imaging techniques might be adequate only
for studying the long-term response of the cartilage to loadings 21. Nevertheless, critical data
have been reported on the volume and average thickness changes of the human knee cartilage
after bending, squatting, running 11,24,25. For example, Eckstein et al. have reported a 3.1 ±
4.5% and 2.4 ± 5.2% cartilage volume change in the medial and lateral tibial compartments,
respectively, after two minutes of static loading (squatting) on one leg at 15 ° of flexion with
200% body weight 11. Additionally, Herberhold et al., measured the cartilage deformation in
a selected central 2D slice within the contact area and reported a 1.3% femoral cartilage
deformation in the first minute of loading of 150% body weight (3% patellar cartilage
deformation) 23. Due to difference in the targeted joint, the measured deformation quantity
(thickness, volume, etc.), as well as the type of loading and boundary conditions, it is difficult
to compare those studies directly with the current study. In general, the cartilage deformations
measured in the current study were relatively higher than those previously reported in the
literature. Nevertheless, a significant difference in cartilage volumetric deformation between
medial and lateral compartment has been similarly observed by Eckstein et al. 11
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While the determination of in-vivo cartilage contact deformation of the knee has been a
challenge in biomechanical engineering, in in-vitro studies using bone-cartilage surfaces or
cartilage explants, indentation tests and confined/unconfined compression tests have been
widely employed to apply a constant force to investigate the creep behavior of the cartilage
1,26–30. This phenomenon is similar to that observed in our data. Usually, a sharp increase in
the deformation was observed in the initial seconds after applying the load, followed by a
continuous creep for a long term. However, the physiological and biomechanical conditions
in living tissue within intact joints differ substantially from those in experiments involving
post-mortem specimens of cartilage or cartilage-bone plugs because of the influence of
different boundary conditions and the fact that the integrity of the matrix has been changed at
the edges of the tissue 25. In reality, neither confined nor unconfined compression precisely
mimics deformation of cartilage within intact (living) articular joints. Furthermore, in most in-
vitro experiments (except during unconfined compression) the contact area is held constant.
This type of experimental setup represents different biomechanical contact conditions
compared to physiological conditions in which the contact area varies with time as shown in
the present data (Fig. 5).
The data obtained in this study may have important implications in biomechanical studies of
human cartilage. Different rates of OA in medial and lateral compartments have been reported
in various studies 12. By distinguishing the contact behavior of the two compartments during
functional loading conditions, it may provide insights into the biomechanical factors that might
be related to OA development. Clinically, numerous cartilage repair techniques have been
proposed 31. Our data might provide guidelines to evaluate the time-dependent behavior of the
repaired cartilage. Further, in ex-vivo tests of time-dependent cartilage behavior, a selected
load or deformation was applied to the specimen. Our data may provide useful information on
the loading conditions to design ex-vivo experiments of cartilage specimens in order to simulate
physiological responses of the cartilage. Finally, the in-vivo time-dependent contact responses
of the cartilage can provide a physiological objective function to validate 3D finite element
models that are established to simulate human knee joint functions.
Certain limitations of this study should be noted. Since the menisci deform and move in
response to joint loading, and are invisible on current fluoroscopic images, the deformation of
the menisci cannot be computed with the present methodology. Therefore, the meniscus-
cartilage contact was not included in this study. Cartilage contact deformation was calculated
based on the overlapping of the 3D models of tibial and femoral cartilages, and the deformation
of the individual cartilage layers could not be determined. Using the overlap of the cartilage
surface models to determine the cartilage contact area might overestimate the actual cartilage
contact area, since the true cartilage is not penetrating through the contact, and therefore will
deform and expand beyond the edge of the overlapping contact area. Another limitation was
that the in-vivo forces in the medial and lateral compartments of the knee joint were not
measured. Despite the above-mentioned limitations, the data on time-dependent contact
behavior of human knee joint was determined under in-vivo physiological loading conditions.
In conclusion, this study investigated the in-vivo time-dependent contact behavior of human
tibiofemoral articular cartilage under a constant full bodyweight. The cartilage deformation
was found to sharply increase after loading. The contact area was greater in the medial than in
the lateral compartment, while the peak contact deformation was greater in the lateral
compartment. These data could provide insight into normal in-vivo cartilage function, and may
be instrumental for the design of relevant ex-vivo experiments that are aimed to investigate,
for instance, the chondrocyte mechanotransduction under physiological loading conditions.
Further, in-vivo cartilage contact data are necessary for validation of 3D computational models
which are used to predict the intrinsic biomechanical responses of the articular joints.
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Figure 1.
A) A three-dimensional (3D) knee model constructed using the series of MR images of a
subject’s knee. B) Schematic of the dual fluoroscopic imaging system.
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Figure 2.
Reproduction of kinematics of the tested knee joint in a virtual dual fluoroscopic imaging
system. Each bony model was individually matched with corresponding fluoroscopic images,
viewed from two different directions.
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Figure 3.
Patterns of contact deformation in the tibiofemoral cartilage A) Medial compartment: contact
is occurring on the concave (conforming) surface of medial tibial cartilage, B) Lateral
compartment: contact is occurring on the convex surface of lateral tibial cartilage.
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Figure 4.
A) The variation of the peak cartilage contact deformation over time (mean ± standard
deviation) and the corresponding ground reaction force (normalized for body weight). B) Mean
values of the rate of change of the peak cartilage deformation in tibial compartments.
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Figure 5.
A) The variation of cartilage contact area over time (mean ± standard deviation) and the
corresponding ground reaction force (normalized for body weight). B) Mean values of the rate
of change of the cartilage contact area in tibial compartments.
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Figure 6.
Contours of contact deformation distribution of a typical subject in the course of time in the
sagittal cross-sections (dashed lines) in medial and lateral compartments.
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Table 3
The thickness of tibial cartilage (mm) at the location of peak cartilage contact deformation.
Thickness (mm)
Knee Medial Lateral
1 2.7 2.3
2 2.3 3.4
3 2.3 3.6
4 3.5 3.9
5 2.3 3.0
6 2.9 3.2
Mean ± SD 2.7 ± 0.5 3.2 ± 0.6
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